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Full mechanical characterization of a cold damped mirror
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We describe an experiment in which we have used a cold damping feedback mechanism to reduce the
thermal noise of a mirror around its mechanical resonance frequency. The monitoring of the Brownian motion
of the mirror allows one to apply an additional viscous force without any extra thermal fluctuations. This
scheme has been experimentally implemented with the radiation pressure of an intensity-modulated laser beam.
Large noise reductions, up to 30 dB, have been obtained. We have also checked the mechanical response of the
cold damped mirror, and monitored its transient evolution between the cooled regime and the room-
temperature equilibrium. A simple theoretical model allows us to fully explain the experimental results. A
possible application to the active cooling of the violin modes in a gravitational-wave interferometer is dis-
cussed.

DOI: 10.1103/PhysRevA.63.013808 PACS nuntber42.50.Lc, 05.40.Jc, 04.80.Nn

[. INTRODUCTION theorem and its consequences on the thermal noise spectrum.
Section Il presents a detailed theoretical analysis of the cold
Thermal noise is a major limitation to many very sensitivedamping process used in Sec. IV to lower the effective tem-
optical measurements such as interferometric gravitationaperature of the fundamental acoustic mode of a mirror. In
wave detectiofi1,2]. The suspended mirrors of interferomet- Sec. V we take into account the background thermal noise
riC detectors have many degrees of freedom: pendu'urﬂ!.]e to the other acoustic ques of the mirror to eXpIair-] the
modes of the suspension systéwith resonance frequencies discrepancy between experimental results and the simple
below the analysis bandviolin modes of the suspension Monomode theory of Sec. II. _ o
wires (with some resonances within the detection baadd We present in Sec. VI the full mechanical characterization

mirror internal acoustic modevith resonance frequencies ©f the cold damped mirror. We have studied the mechanical

above the band3]. The thermal motion of each degree of response of the mirror to an external force, when the cooling

freedom results from its excitation by a thermal random’S applied. The results show that the mechanical susceptibil-

force, called the Langevin force. The fluctuation-dissipatio ity is changed in agreement with a cold damping mechamsm:

X ) force, except the electronic noise of the feedback loop.
to now, only passive methods such as the increase of me- rinq)1y e present the transient evolution of the thermal

chanical quality factor$4]| or cryog_enic methods to lower [ sise when the cold damping is switched on or (8kc.

the temperaturg5] have been considered to lower the ther-y/|) The results show that the relaxation time towards the

mal noise and increase the sensitivity. cooled regime can be much shorter than the relaxation time
It has been recently proposed to use a feedback 100p tQyyards the thermal equilibrium. These transient characteris-

reduce the thermal noise of a mirror in a high-finesse opticaj-g may be used to perform a cyclic cooling of the thermal

cavity [6]. A Fabry-Perot cavity is actually a very sensitive n5ise associated with the violin modes of the mirrors in a
displacement sensd#] and a feedback mechanism can begravitational—wave interferometer.

used to control the Brownian motion of a mirror, for example
via the radiation pressure of an intensity-modulated laser
beam[8]. This approach allows one to reduce the thermalll. THERMAL NOISE AND FLUCTUATION-DISSIPATION
noise both at the mechanical resonance frequencies of the THEOREM

mirror and at low frequency. At resonance, this cooling cor-

responds to a cold damping mechanism, the radiation pres- We present here some w_ell-_kno_wn results on 'Fherm_al
sure of the light applying a viscous force to the mirror with- "0'>€ and on the fluctuation-dissipation theorem, which wil
out any additional thermal noise give some physical insight into the efficiency of the feedback

The purpose of this paper is to present a more detaile cheme used to lower the temperature. Each degree of free-

theoretical analysis of the experiment describeBinfocus- om is equivalent to a harmonic oscillator, whose thermal

ing on the resonant case, and to present new experiment'glOtlon is the consequence of thégT thermal energy and
ppears as the mechanical response of the oscillator to a

results on the mechanical response of the cold damped mi  forceb- d ibing th ina to a th | bath
ror and on the transient behavior of the system. Section Il i angevin forcé-r describing the coupling to a thermal bath.
n the framework of linear response thed8y, the resulting

dedicated t brief ind f the fluctuation-dissipati . . . )
edicated fo a briet reminder of the Huctuation-dissipa Ionmotlon can be described by its Fourier transfofxj ()] at
frequency() which is proportional td={[ ],

*Corresponding author.
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wherey[ Q] is the mechanical susceptibility of the mode, mainly ruled by the resonant component, with a background
noise related to all other modes and approximately flat in
1 frequency.

MO} —Q%=i056(0)] @

x[Q]=
Ill. COLD DAMPING THEORY

with a massM, a resonance frequené€yy , and a loss angle  The cooling mechanism is based on a measurement of the
¢(€2). In the following, we consider only the case of a Vis- thermal noise of the mirror and on a feedback loop which

cous damping, e.g., applies a properly adjusted force on the mirror. We will see
in Sec. IV a practical implementation of such a mechanism.
Q)= Q 3 Let us only assume here that we are able to measure the
P()= 0’ position 6x[ 2] of the mirror, and to apply a viscous feed-

back forceFy,, proportional to the speed i 6x[ Q] of the

whereTI is the mechanical damping of the mode. It is well MO,
known that such a loss angle may not be appropriate to de-
scribe some degrees of freedom, such as internal acoustic
modes of the mirror$10]: ¢ is usually considered as inde-

Fi[Q]=IMTQgox[Q], (7)

hereg is a dimensionless parameter related to the gain of

pendent of frequency over a large frequency range. Howeve ; . )
as we are only interested in the spectral analysis of the mo\f—r\;e feedback loop. In this section we assume that the mirror
an be described as a single harmonic oscillator. The result-

tion at frequencies close to a mechanical resonance, for lowf? A
loss oscillators < 1), both descriptions are equivalent. The Ing motion is given by
former, leading to a simple physical interpretation, will be
used throughout the paper.

The .spec'frur-TSFT- of the Langevin force is re!ated by the where x[ ] is the mechanical susceptibilit@) with a loss
fluctuation-dissipation theoref8] to the mechanical suscep- angle of the form(3), andF is the Langevin force whose

tibility, spectrum is given by the fluctuation-dissipation theokdin
The motion can be written as

X[Q]=x[Q](F[Q]+F[Q]), ®

2ksT 1
SFT[Q]=—TIm(—). (4)

x[Q] X[Q]= xr[ Q]FL[Q], (©)

According to Eqs(1)—(4), the noise spectrurﬁI[Q] of the  whereyy;y, is an effective mechanical susceptibility given by
displacementpx at temperaturd has a Lorentzian shape,

1
M[QZ,—Q%—i(1+g)Il'Q]

kT 1 Xl Q1= (10

SdQ1=x[ Q1S [Q]=2F
XA M (0%-0%2+T20%

(5) The additional viscous forc€) has obviously increased the
damping, but, unlike the case of passive damping, the Lange-
Performing the integration of Eq(5) over frequency vin force is not modified and still verifies the fluctuation-
yields the thermal variancéxy, which obeys the equiparti- dissipation theorem4): it is only related to the natural
tion theorem dampingI” of the oscillator. We will see shortly that this
so-calledcold dampingmechanisni11,12 allows us to re-
EMQZ szzlk T ©6) duce the effective temperature of the system.
2 MEAT o B Equations9) and(10) show that the mirror now responds
to the Langevin force with the effective mechanical suscep-
If we see the thermal motion as a response to the Langevitibility y;,[2]. As the spectrum of is flat against fre-
force Fr, it should be clear that increasing the dampingquency, the thermal noise spectrum in presence of feedback
would reduce the thermal variance. However, the damping S)f(b[Q] still has a Lorentzian shape, of width {ig)I’,
cancels from that expression, because it appears both in the

mechanical susceptibility and in the spectrum of the Lange- 2TkgT 1
vin force. Decreasing the damping, however, concentrates  SI°[Q]= N e s (1D
the thermal noise around the mechanical resonance fre- (Qy—Q9)+(1+9)TQ

guency, and therefore lowers both the low-frequency and ] )
high-frequency thermal noises, which is the reason for thé\s_the random force has not been increased, the variance
ongoing works on low-loss materials for the substrates of théx* of the motion is reduced. Performing the integration of
mirrors and the suspension wirg$). Eq. (11) over the frequency yields

The total noise spectrum, taking into account all the me-
chanical modes, is the sum of such Lorentzian components.
Near one of the mechanical resonances, the thermal noise is

kT
2(1+9)°

1 2 2
SMOFAx= (12)
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The cold damped oscillator of dampigand at thermody- Local oscillator
namical temperatur€ is therefore equivalent to an oscillator Mode ,
with an effective damping cleaner Cavity
L, | ‘ d [ B
Fip=(1+9g)T (13 - stab.| ‘ i jj
Mirror
at an effective temperature Feedback
T
To=T/(1+g). (14) ~J I 1 Detection
This can also be deduced from the spectrum of the Langevin AOM )
force which can be written as Sl , To spectrum
analyzer
SFTZZMFkBTZZMFfkabe, (15)

FIG. 1. Experimental setup. The Brownian motion of the plano-
where bothl'y, and Ty, have already been defined. The in- convex mirror is measured by a high-finesse cavity. A frequéRcy
crease of the effective damping therefore decreases the e?tal_)) and intensity(l. stab) stabilized _Iase_r beam is sent into the
fective temperature of the oscillator. The cold damped mirrofcaVity and the phase of the reflected field is measured by homodyne
is still at thermodynamical equilibrium but, unlike the Casedetectlon. The radlatlon_ pressure of an |nte.n5|ty-modulated b_ean_1 is
of passive damping, the temperature is reduced. used to excite the motion of the mirror, either to characterize its

We can also define the amplitude noise reduction mechanical response or to cool it with a feedback loop.

SiQ] QﬁA—QZ—iFbe‘ the value of sound velocity in silica, the value of the thick-
RIQ]= SL"[Q]: 0Z—02—ira | (16) gel\s/lzg?elds a fundamental resonance frequency a bit below

The mirror has been coated at thestitut de Physique

Off resonanceR[ 1] goes o unity: as the mechanical Sus_lj\lucl'eaire de Lyonand is used as the end mirror of a single-

ceptibility becomes real, the change of its imaginary par . . X i . )
dogs no)t/ contribute anymore to a ?nodification o% theysfa)ec.port high-finesse optical cavitig. 1). The coupling mirror

fb . . o . is a Newport high-finesse SuperMirroneld at 1 mm of the
trum S, TQ2). The "?‘”_‘p"t“de hoise reduction is maximum at rear mirror. The light entering the cavity is provided by a
resonance where it is equal to

titane-sapphire laser working at 810 nm and frequency
_ _ locked to an optical resonance of the high-finesse cavity. The
Rr=RlQul=1+g. @n light beam is also intensity stabilized and spatially filtered by
We have shown in this section that measuring the positio@ mode cleaner.
of an oscillator allows the realization of a feedback loop to  The phase of the field reflected by the cavity is very sen-
apply an additional viscous force to the oscillator withoutSitive to changes in the cavity length. It is monitored by a
any additional thermal fluctuations. Such a cold dampinghiomodyne detection. The signal is superimposed to the quan-
scheme allows one to set the oscillator at thermal equilibriunium phase noise of the reflected beam. With our parameters
at a lower temperature. This is the case only for a singldfinesse of the cavity"=37 000, wavelength of the light
harmonic oscillator. We will see in Sec. V that there is no=810 nm, and incident powe®;,= 100 uW), the quantum
longer a thermodynamical equilibrium when one takes intdimited sensitivity is on the order of 22710~ m/\/Hz [7].

account all the acoustic modes. The quantum noise is therefore negligible and the phase of
the reflected field reproduces the Brownian motion of the
IV. OBSERVATION OF THE COLD DAMPING mirror.

Curvea of Fig. 2 shows the phase noise spectrum of the
In this section, we present the experimental implementareflected field for frequencies around the fundamental reso-
tion of the feedback scheme presented in the previous segance frequency of the mirror. The noise is calibrated in
tion. The oscillator is the fundamental acoustic mode of ajisplacements of the mirror and reflects the Brownian mo-
planoconvex resonator. We present the experimental resulifon of the mirror which is peaked around the resonance fre-
on the cooling at resonance, and the dependence of the afuency. This experimental result allows us to deduce the
fective damping and temperature with the gain of the feedmechanical resonance frequency of the fundamental acoustic
back loop. mode of the resonator:

A. Presentation of the oscillator and motion sensor Oy =2mx1858.6 kHz. (18)

The oscillator used throughout the paper is the fundamen-
tal acoustic mode of a mirror coated on the plane side of ghe mechanical susceptibility has a Lorentzian shape with a
planoconvex resonator made of fused silica, whose thermalidth
noise observation has been reportediih The mirror has a
thickness(at the centerof 1.5 mm, a diameter of 14 mm,
and a curvature radius of the convex side of 100 mm. With I'=27X43 Hz. (19
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confirms that the observed thermal peak is related to the
Brownian motion of the fundamental acoustic mode of the
planoconvex resonator at room temperature.

Note that the optical excitation is very efficient: with an
approximately 100 mW completely modulated auxiliary
beam, one gets a displacement at resonance 30 dB larger
than the one associated with the thermal noise for a 1-Hz
resolution bandwidth of the spectrum analyzer.

This setup can be used to implement the feedback loop

Displacement (10" m*/Hz)

;Ez— discussed in Sec. lll. Indeed, the sigré), ] given by

g the homodyne detection is proportional to the displacement

\:.;: c of the mirror:

.

g 0Goud Q]=a[Q]oX[Q], (22)

S Toead 185‘8_6 T where the factor[ ()] depends on the analysis frequeriey
Frequency (kHz) through the filtering by the cavity. In the following, we will

_ _ _focus on the thermal noise spectrum on a 1-kHz band around

FIG. 2. Phase noise spectra of the field reflected by the cavityya fyndamental resonance frequency. This band is small
for a frequency span of 500 Hz around the fundamental resonan%mpared to the bandwidth of the cavityn the order of 2
frequency of the mirror. Curva reflects the Brownian motion of MHz), so thata[ Q] can be considered constant. Moreover
the mirror at room temperature. Curbeis the theoretical thermal this t;and is small compared to the mechanical resonan’ce
noise deduced from the mechanical response of the mirror to thﬁe uencvo) so that( can also be considered constant
optical excitation(curvec; see Sec. IV Band from the fluctuation- ang the geri':d/étion necessary to obtain the faierom the
dissipation theorem. displacement 5x[)] can be practically obtained by a

In other words, the mechanical quality fac®eQ,, /T has  dephasing of the homodyne signal. The feedback loop is
a value of 44000 which seems to be limited by C|ampingtherefore simply made of an amplifier with adjustable gain

losses. The effective mass of the mode is deduced from th@d Phase, in order to drive the acousto-optic modulator with
equipartition theorem a signal in quadrature with the displacemexf(].

The signal is also filtered by an electronic bandpass filter
M=230 mg. (20) inserted in the loop in order to avoid the saturation of the
feedback. Indeed, the homodyne signal also comprises reso-
nances associated with higher-order modes of the planocon-
vex resonatoKat higher frequenciesand resonances of the
To apply a controlled force on the mirror, we use an aux-input mirror (mainly at lower frequenci¢sMoreover, even
iliary laser beam reflected from the back on the mirsge  for the fundamental acoustic mode considered here, the spec-
Fig. 1. This beam is derived from the same laser source agum of the Langevin force is flat against frequency and may
the one used for motion sensing. The beam is intensityead to the saturation of the loop.
modulated by an acousto-optic modulator so that a modu- As we are only interested in the spectrum around the me-
lated radiation pressure is applied to the mirror: chanical resonance frequency, the filter is centered on this
frequency. Its bandwidth is chosen large enough in order to
Frag(t)=27K (1), (21 limit its effect on the frequency band of 1 kHz around the
resonance, and small enough in order to efficiently filter the
low-frequency and high-frequency tails of the resonance.
he results presented here have been obtained with a 10-kHz
andwidth, which fulfills both conditions. The influence of
the filter can therefore be neglected in our theoretical model.

B. Implementation of the feedback loop

wherek=27/\ is the wave vector of the laser ah@) is the
intensity modulation, expressed as the number of photons p
secondF, .4 therefore appears as the momentum transferre
to the mirror during the reflection of a single photon, multi-
plied by the number of reflections per second.

Driving the acousto-optic modulator with a monochro- ) )
matic excitation then allows one to characterize the dynam- C. Noise reduction at resonance
ics of the mirror at that frequency. We scan the excitation Figure 3 presents the thermal noise spectra obtained with-
frequency for 50 values spanned around the resonance freut feedback and with feedback for increasing values of the
quency in order to characterize the mechanical response gfin g of the loop[8]. The thermal noise at the mechanical
the mirror to an external force, as has been don&@JnThe  resonance frequency is strongly reduced. Meanwhile, as pre-
mechanical response shown in Fig. 2, cur/edisplays a  dicted by our theoretical model, the width of the resonance is
resonance centered on the same frequency as the thernsatongly increased. The effective temperature of the oscilla-
noise, and with the same width. Moreover, the observed thettor is related to the varianc&x? and thus to the area of the
mal noise spectrum is in excellent agreement with the specurve. The decrease of these areas thus corresponds to a
trum SI[Q] deduced from this mechanical response and theooling of the mirror. We will see in the following that large
fluctuation-dissipation theorerfFig. 2 curveb) [7]. This  cooling factors can be obtained.
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= linear dependence of the effective temperature with the gain
BN of the loop. This dependence is due to the background ther-
& | a—, mal noise associated with other acoustic modes of the mirror
”'2 5L or with the input mirror of the cavity.
s
g b A. Dependence of the temperature with the gain
[
g We can take this background noise into account in our
20 T T theoretical model. Suppose we naie,[ ] the associated

' Frequency (kHz) Fourier component ang,[ (1] its noise spectrum. As there is

no acoustic resonance around the frequency band of interest,
FIG. 3. Noise SpeCtra obtained without feedbéckl’vea) and Sb is supposed to be frequency |ndependent The noise
with feedback for increasing values of the gditurvesb). The 8x,[ Q] is uncorrelated to the Langevin foréa[ Q] of the
temperature, proportional to the area of the thermal peak, is d&yngamental mode, and the overall noise spectrum without
creased. The 300-Hz shift in the resonance frequency relative & edback is the sum of the resonant and background compo-
Fig. 2 is due to a room-temperature drift. nents,

D. Dependence of the cooling with the gain

SQ1=S/0Q]+S,, (23)

In order to check our theoretical model, it is instructive to
study the efficiency of the cooling mechanism with respect tq T(0 . .
the g}:]/aing of the f)éedback Ioop? To measure the feepdbacly\’heresx( 0] s the noise spectrum of the fundamental
gain, we detect the intensity of the auxiliary beam after itsmOde[Eq' (5)]. . . :
reflection on the mirror. According to E7), the ratio be- Moreover, as the feedback does not involve the input mir-
tween the modulation spectrum of the intensity at frequency©’> and as we have already seen that the efficiency of the
Q,, and the noise spectruﬁib[QM] of the displacemenix oop strongly decrease_s off resonance, we can state that the
leads to the gail, a multiplicative factor aside. Such a mea- background thermal noise is unaffected by the loop. We then
surement takes into account any nonlinearity of the gain duf@ve
to a possible saturation of the acousto-optic modulator.

Figure 4 shows the relative dampihg=1I";,/I" and the X=X Q(FLQ]+Fp[QD+ X[ Q],  (24)
amplitude noise reduction at resonariRe experimentally ) ) o
observed. These parameters are derived from the experimefflere x[] is the mechanical susceptibility of the funda-
tal spectra by Lorentzian fits. As expected from E¢§)  mental acoustic mode and the radiation pressygis re-
and (17), both have a linear dependence with the gain. Thdated to the overall displacemeéix by Eq.(7). The resulting
straight line in Fig. 4 is in excellent agreement with experi-motion is
mental data, and allows one to normalize the ggias has
been done in the figure. However, the cooling fadi6fyy,, 03 -0%-irQ
derived from the area of the Lorentzian fit, does not obey the X[ Q]=x1p[ QIF[ Q]+ 02— 02— il
linear dependenc@4). The following section is dedicated to M b
the explanation of this behavior.

X[ ],
(25

where y:,[ (1] is the effective susceptibility of the funda-
mental mode given by Eq10). As 6x,[ Q] andF{[Q] are
uncorrelated, the noise spectrum takes the simple form
The purpose of this section is to derive a more sophisti-
cated theory of our experiment, in order to explain the non-

V. INFLUENCE OF THE BACKGROUND THERMAL
NOISE

fb _ fb(0)
O]= Q]+ , 26
o ST0] =S+ oS, (26)
30t where SIP(¥[ ] is the Lorentzian spectrum obtained when
neglecting the background noifgq. (11)], andR[ Q] is the
20+ amplitude noise reduction defined in E@.6). Combining
Eqgs.(16) and(26) leads to
10+
fb[Q] — @ (27)
00 ' 10 ' 20 Scl )= RIQJ?

Gain g

FIG. 4. Variation of the relative damping; (squares of the ~ T1he feedback loop still decreases the noise spectrum by a
amplitude noise reductioR; at resonancecircles, and of the cool-  factor REQ]%. In other words, the effect of the feedback is
ing factor T/ Ty, (diamonds, as a function of the feedback gajn ~ unchanged since it is still described by the mechanical sus-
Solid lines are theoretical resulsee Sec. V A ceptibilities y and x¢,, of the fundamental mode only, but the
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temperature for the resonant mode. Figure 5 shows the ther-
mal noise spectrum experimentally observeddger40. This
figure also shows that very significant noise reduction can be
obtained: the noise power is reduced at resonance by a factor
larger than 1000.

W B. Background noise and thermal equilibrium

We have discussed in the previous section how the back-

18586 1859 ground thermal noise alters the cooling mechanism. We have
Frequency (kHz) used a phenomenological model, where the background ther-

mal noise is described as an additional na¥gg[ ()] which

is unaffected by the feedback loop. If we neglect the contri-

bution of the coupling mirror to the background noise, it is

possible to derive the same result more formally.

One can show that the motion of the mirror as seen by the
intracavity light can be described by an effective mechanical
susceptibility which takes into account all the acoustic
modes and their spatial overlap with the laser befh3%

'S
o
T

D

(23]
o

Displacement (dB)
N
o

-
o

FIG. 5. Noise spectra obtained without feedbéclrvea) and
with feedback for a very large gaicurveb). One gets a dip in the
background thermal noidelashed lingand the mirror is no longer
in a thermodynamical equilibrium.

background noise iI’SI[Q] leads to a background noise
evenly modified irS!°[ ]. The noise spectrurt26) can also
be written as

SPLO]=[1-e,9(2+9)1SPPOLQ]+S,, (29 xeff[m=; Xn[ Q1(Un,v0)2, (30)

where gb=Sb/SI(°)[QM] is the ratio between the back-

ground (r;msef ?Eec,;tr:um alnd t_he TresF:Ean;[ ;:orggonerét at fr‘?ﬁoden with spatial deformatiou,(r) along the axis of the
quency()y of the thermal noise, without feedbacKEg. cavity at every point of the surface, andy(r) is the spatial

(23)]. The overall noise spectrum stays Lorentzian, the areﬁrofile of the intensity for the intracavity field and for the

of the yorentzmn com_ponent being smaller when tak_mgcooling beam(we assume that both beams have the same
oXp[ Q] into account, with an unchanged background noise

file). (f,g) h for th tial I 2
The width of the resonance is still equal 16,=(1 profile). {f,g) here stands for the spatial overlap between

. . b two-dimensional functions,
+g)I', and the overall amplitude noise reduction is un-
changed and equal [ (1] as we have experimentally ob-
served in Fig. 4. <f19>=J f(r)g(r)dr. (3D
The effective temperaturg,, of the fundamental acoustic s

mode, relatt)tedhto the area of trr']e resonant ctg)mponent %f he thermal motion is then described by an effective Lange-
spectrum by the equipartition theorem, can be computed Us;n, force, which is a sum of the Langevin forces associated

wherex,[ ] is the mechanical susceptibility of the acoustic

ing Eq. (28): with each acoustic mode. One can sHd®] that this Lange-
vin force obeys the fluctuation-dissipation theorem with re-
T 1+g . )
I — (29) spect toxefs, and the thermal noise spectrum is therefore
Tip 1-ep9(2+9) given by
The background thermal noisey>0) thus decreases the 2ksT
effective temperature. SI[Q]= Ixeff[Q]|ZSFT[Q]= Tlm(xeff[ﬂ]). (32

One can experimentally obtain the ratig, using the

Lorentzian fit of the thermal noise spectrum observed with-s .4 ,nd any resonance of the mirror, most of the dynamics is
out feedback(Fig. 2 curvea). T_he ex_penmental value IS ruled by the resonant mode, aggd;{ Q] mostly displays the
ep=1/150. The solid curve in Fig. 4 is a fit of the experi- (asonant behavior of this mode.

mental points using Eq(29). The optimum value iss,  \we can now compute the motion of the mirror with the
=1/110, close to the expected value. The theoretical curve ig,edpack. The motion is as previously

in excellent agreement with the experimental points: taking ’

the background thermal noise into account thus allows us to SX[Q]= x1[ QIF[Q], (33
explain the dependence of the effective temperature with the
gain of the feedback loop. where x¢,[ 1] is the mechanical susceptibility of the cold

The effective temperatur&;, previously defined holds damped mirror,
for the resonant mode, but as the background is unchanged
by the feedback loop, one can say that all the other acoustic B
modes stay at room temperatufe The mirror is thus no Xl Q]= Uxei{ Q]—iMTQg" (34
longer in a thermodynamical equilibrium. For sufficient large
gains @=10 in our experiment the feedback loop can dig a Using Egs.(32) and (33), the displacement noise spec-
hole in the background noise, leading to a negative effectivérum takes the form
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2

N
T

Xtol ]

fb T <
Q)= Q
SAL01= |1y SO x
Uyer( Q] |7 = 4y
Xeft T =
= - QO]. (35 S
Uxet{ Q]-IMT Qg| L0 g [ b
[
As a first approximation, one can replace the effective sus- %
ceptibility xo¢ ] around the fundamental resonance of the g
mirror by its resonant component, and find the thermal noise Oberamtms e
spectrum in presence of feedback: ) Frequency (kHz)

1 T FIG. 6. Mechanical response of the mirror to the external force
R[Q]2 S, (36) without feedbacKcurvea) and with feedback for increasing values
of the gain(curvesb). Solid lines are Lorentzian fits.

ST0]=

where R[()] has already been definddee Eq.(16)]. As ) ] ) ] )
previously, we find that the overall thermal noise spectrum iombined with the observation of the Brownian motion, al-
reduced by a factoR[1]%. The corrections involved by the 10Ws us to check that the Langevin forEg is not altered by
off resonance terms i ] are negligible for our experi- the feedback loop and that the residual Brownian maotion is
mental conditions: the existence of all other acoustic mode§iven by EqQ.(9).

leads to the presence of a background thermal noise in the

noise SpectrESI[Q] and S)f(b[Q], but the dynamics of the A. Response to an external force

cooling mechanism is mainly described by the resonant com- The motion of the mirror under the combined influence of

ponent ofyerd 2. the Langevin thermal forcEt, the cold damping forc€;,,

Thls.model also aIIovys us tolg,hc.)w that the mirror is N03nd the external forc€ ., used to measure its mechanical
longer in thermodynamical equilibrium in the presence Ofsusceptibility is

feedback. Indeed, this would require us to be able to define

an effective temperaturel, obeying the fluctuation- Q1= xerd QIFQ]+HIMT QX[ Q]+ F ol Q1)
dissipation theorem at every frequenQy
=X1b[ QI(F7[ Q]+ Fe,d Q]), (39
2kg Ty
Se[Q]= - —q— Im(Lxw[2]). 37 \where the effective mechanical susceptibiligy,[ Q] has

been defined in Eq34). In the presence of feedback, the
Using Eqgs.(34) and(37), one can show that this requires  mirror responds the same way to the Langevin force and to
an external force. Checking the mechanical response, one
lzl— MT'Qg 38) must observe a widening and an amplitude decrease as the
Ttp Im(1/xes Q])° gain g of the loop is increased.

This condition can be fulfilled only if Im(JeQ]) de-
pends linearly on the frequencf2. This is the case if
Xer Q] describes the mechanical response of a single- The cold damped mechanical susceptibiligy,[(2] is
harmonic viscously damped oscillator, but it is no longer themeasured by the same technique already uséd|iiWe use
case for a mechanical resonator with many acoustic modes second auxiliary beam, which is intensity modulated by an
independent acousto-optic modulator controlled by a high-
VI. MECHANICAL RESPONSE OF THE frequ_ency oscillator._ The two auxili_ary bear_ns are mixed_ by a
COLD DAMPED MIRROR polarizing beam splitter before their reflection on the mirror.
The intensity of the second beam is 50 mW, corresponding
The experimental results presented in Sec. IV have showtdb a 30-dB displacement at resonance with respect to the
that it is possible to reduce the observed thermal noise ahermal noise level. It is lower than the one of the cooling
resonance by a factor (t1g) with the feedback loop. How- beam (500 mW, 50 dB in order not to alter the cooling
ever, the observed quantity is the dephasing of the reflectegiechanism.
field, which drives the feedback loop. This error signal goes For each value of the gaip of the loop, we measure the
to zero as the gain of the loop is increased. In other wordshermal noise spectrum, which is used to calibrgteNe
the fact that the thermal noise is reduced does not prove thaten proceed to a characterization of the response of the mir-
the feedback corresponds to a cold damping mechanism. Trer to the external force in presence of feedback. The re-
check if the residual Brownian motion of the mirror is given sponse is measured for 50 values of the modulation fre-
by Egs.(9) and(10) [or Egs.(33) and(34) in the presence of quency of the second auxiliary beam, spanned around the
a background thermal noikewe can determine the cold mechanical resonance. Figure 6 represents the modulation
damped mechanical susceptibilipy,[ (2] by measuring the power measured for different values of the gain of the loop.
mechanical response of the mirror to an external force. ThigNote the similarity between this figure and Fig. 3.

B. Experimental results
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50

vin force and flat in frequency on the frequency band of
interest, the thermal noise spectrum appears as the sum of the
thermal noises)f(b[ﬂ] in presence of feedbadkee Eq(36)]

and the electronic noise spectri@injected by the feedback

25 loop,

SLQ]=SPLO1+|MT Qgx [ Q][2S. . (42)

‘ ‘ . . The thermal noise spectrum therefore still has a Lorentzian
0 25 50 shape of width (# g)I', as it is proportional tdy,[ Q]|2,
Gain g but its amplitude does depend on the electronic noise. The

FIG. 7. Variation of the relative dampings; (squares I'y, thermal noise at the mechanical resonance frequency is
(starg, of the amplitude noise reductions at resoname (tri- T
angle$, Ry, (circles, for the thermal noise and for the mechanical S [ Q]
response, as a function of the feedback gaifolid lines are the- SdQml= (1+g)2
oretical resultgsee Sec. VI ¢

2

9 |s. (43)

1+g

J’_

The influence of the electronic noise therefore increases with

Each of the curves of Figs. 3 and 6 can be compared 10 g¢ gaing of the loop. The amplitude noise reduction at
Lorentzian fit, taking into account the presence of a backyesonance is now

ground thermal noise. One gets the relative wiithof the

thermal resonance, the relative widtl, of the modulation 1+g
resonance, the amplitude thermal noise redudiigmt reso- Ry= > - . (44
nance[defined in Eq.(17)], and the amplitude modulation V1+07°Se /S Q]

reductionR), at resonance obtained from the ratio between i i )

curvesb anda of Fig. 6. Figure 7 represents the dependenceThe electronic noise can be experimentally measured from

of these parameters as a function of the gain of the ldop ( the characteristics of the amplifier used in the loop, and one
T _ 74 - - .

is not displayed forg>10 because the width of the noise 98tS Se/S[Qw]=2.2¢10"". The solid curve in Fig. 7

spectruns]? is then too large to be accurately measured withSNOWS the expected dependenc&efwith the gain, without
a 1-kHz acquisition span any adjustable parameter. It is in excellent agreement with

For g=20, the experimental points are well aligned on a®*Perimental data.
unity slope straight line. This confirms that the parameters
obey the expected linear dependence. The susceptibility VII. TRANSIENT REGIME
xiol Q] perfectly describes the mechanical behavior of the
cold damped mirror. Moreover, the thermal noise spectrum
characterized byI't and Ry, still obeys the fluctuation-
dissipation theorem with the mechanical susceptibility
xil 2]. As stated in our theoretical model, the Langevin
force F{[ (] is not altered by the cooling mechanism.

We have focused up to now on the steady state of the cold
damped mirror. Some questions, however, arise. What is the
time scale of the transition from the natural regifaé ther-
modynamical temperaturé=300 K) to the cold damped
regime (at effective temperaturé&;,)? What happens when
the cooling mechanism is switched off? It is well known that
the quality factorQ (and therefore the damping) can be
measured through the decay time of a mechanical excitation

However, for sufficient large gains, the measured thermagbruptly switched off. Is it still true for the cold damped
noise reductiorR; is lower than expected with our theoret- regime? In this section, we present measurements of the time
ical model. This is due to the electronic noise of the feedbaciécale needed for the mirror to reach its equilibrium state, first
loop. We can take this noise into account in our model. Supwhen the cooling is applied or switched off abruptly and then
pose we notedx.[ )] the electronic noise of the loop. The in the case of a mechanical excitation, both for the open-loop
cold damping force then takes the form and the cold damped cases.

C. Influence of the electronic noise of the loop

Fiol Q]=IMTQg(x[ Q]+ 6% [Q]), (40) A. Transition to and from a damped regime
and the resulting motion is Suppose we apply sharply the cooling mechanisnt at
=0. Fort>0, the equation of motion is
OX[Q]= X[ QJ(F[Q]+HIMTQgoX[ Q]+ Fex{ Q]). L :
(42 M[x+I'x+Qyx]=Fi—MI'gx, (45

The response to an external foreg,{ (] is not altered by whereF(t) is the temporal evolution of the Langevin force.
the electronic noise, and it is still described by the effectiveThe last term of Eq(45) represents the cold damping force.
susceptibility y ;5[ 2 ]. However, the observed noise without One has to solve this equation with initial conditions related
any external force does depend on the electronic noisto the previous thermodynamical equilibrium at temperature
ox [ Q]. As the electronic noise is uncorrelated to the Lange-T. The effect of the cooling mechanism can be monitored on
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Noise power

Modulation power

0 10 0
Time (ms) 0 10 20
Time (ms)

FIG. 8. Time evolution of the displacement noise powier ) ] ] ]
arbitrary unit3 when the cooling is appliedr{,) and when it is FIG_. 9. '_I'|me evglutlon of the modulation pgwer_of displace-
switched off (o). Dashed curves are theoretical fits. ment (in arbitrary unit3 when the external force is switched on or
off, without feedback. Dashed curves are theoretical fits.

the varianceAx?(t), which is directly related to the effective _ )
temperature by the equipartition theorem. We show in Ap_wnh the expected valud:=27X 43 Hz leads to a theoreti-

pendix A that the time evolution of the variance is given bycal valuer,¢=3.7 ms. The gain of the loop is hege=5.2,
so that the ratior,¢;/7,,=5.2 is also in reasonable agree-

Ax% ment with its expected value ofdg=6.2.
AX3(t)= : (1+ge "nh, (46)

1+
B. Decay time for a mechanical excitation
where Ax7 is the thermal variance without feedback. The  This paragraph is dedicated to a direct measurement of
temperature therefore decreases to its new equilibrium valuge damping of the resonance, through a measurement of the
Ax%/(1+g) with a time constanf';;'. In other words, the  decay time after a mechanical excitation, both with and with-
mirror evolves towards its damped regime with a mechanicabut feedback. When a monochromatic forde,,(t)
response corresponding to its effective susceptibitify (2] =FycosQyt) is abruptly applied to the mirror =0, we
in presence of feedback. show in Appendix B that the displacement spectiwithout
In the opposite case, when the cooling is abruptlyfeedback becomes

switched off, the variance obeysee Appendix A
1

Fo ? —Tt/2\2
SME ) (1-e132 (g

MQy

sz(t)zAxi(l—%e—“). (47
when the thermal noise is neglected as compared to the effect
The variance goes back to its thermal equilibrium valug ~ of the modulation. If the monochromatic excitation is
with a time constani”~! which is now related to the me- switched off att=0, then the displacement spectrun{sse
chanical damping without feedback. The transient evolutiorAppendix B
to the cooled regime is then faster by a factoy, /I"'=1
+g than the relaxation towards the thermal equilibrium. S{0]= E( Fo

To observe these transient regimes, the evolution of the MIT4\MQuT
variance is monitored with the spectrum analyzer, centered
on the resonance frequency in zero-span mode. A fast elec- In presence of feedback, we have already seen that the
tronic switch is inserted in the loop in order to switch alter- cold damped mirror is equivalent to a mirror of intrinsic
natively the loop on and off. We have checked that the trandampingI';, at temperaturel;,. As the thermal noise is
sition time of the switch is negligible as compared to theneglected, we get similar expressions ®f Q] in pres-
mechanical time scales. ence of feedback, replacirg by I'y, .

The resolution bandwidth of the analyzer must be large Figure 9 shows the observed spectra when the excitation
enough in order to reduce the temporal filtering caused bys alternatively switched on and off, without feedback. The
the spectrum analyzer, but not too large compared to thenodulation power is measured as previously by the spectrum
width of the mechanical resonance, so that the backgroundnalyzer in zero-span mode with a resolution bandwidth of 1
noise does not contribute too much to the observed signakHz. The mechanical excitation is applied by the second
With a bandwidth of 1 kHz, both conditions are fulfilled, the auxiliary beam, intensity modulated at frequerQy, (see
time constant of the analyzer being on the order of 0.2 ms.Sec. VI B, and switched on and off by the fast electronic

Figure 8 shows the evolution of the variance. When theswitch. The experimental data are well fitted by E{8)
cooling is applied, the variance decreases with a time conand(49), with a time constant of 2.8 ms, in excellent agree-
stantr,,=0.5 ms, and when it is switched off, the variance ment with the one found in the previous paragraph.
relaxes towards its equilibrium value with a time constant Figure 10 shows the same spectra for a cold damped mir-
To1i=2.6 ms. The experimental data are well fitted by Eqgsror, with a gaing=5.2. The two time constants deduced
(46) and (47), with time constants in reasonable agreemenfrom the fits with Eqs(48) and(49) are 0.5 and 0.6 ms, both

2
e It (49
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feedback is large enough: the system is therefore free most of
the time.

Such a cyclic cooling may be used to detect signals cor-
responding to single bursts of duration smaller than the pe-
riod of the cycles. For example, one can envision to cool the
violin modes in a gravitational-wave interferometer which
have sharp resonances within the detection band. Quality
factors of these modes are very large so that the period of the
Tor = 0.6 ms cyclic cooling can be made much longer that the expected
0 0 10 20 duration of gravitational waves. For a large feedback gain,

Time (ms) the most probable situation is then to detect a gravitational
. . . ) wave when the cooling is switched off. The gravitational
FIG. 10. Time evolution of the modulation power of displace- \yaye still has the same effect on the interferometer, whereas

ment(same units as in Fig.)9vhen the external force is switched the thermal noise is reduced: one then gets a gain in the
on or off, with a feedback gain of 5.2. Dashed curves are theoreticaéignal-to-noise ratio

fits.

o
o
R

Modulation power
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VIIl. CONCLUSION Supeieure associ@u Centre National de la Recherche Sci-

L . . entifique.
We have demonstrated that it is possible to actively re- q

duce the thermal noise of a mirror with a feedback loop. The

cold damping mechanism described in this paper has allowed

us to obtain large noise reductions around the resonance fre- |n this appendix, we study the relaxation of the thermal

quency of the fundamental acoustic mode of the mirror, up te/arianceAx?(t) between two equilibrium states. In the case

30dB. A Simple theoretical model, taking into account bOthwhere the Coo“ng is apphed at=0, one has to solve Eq.

the background thermal noise of the other acoustic modes @#i5) with initial conditions corresponding to the thermal

the mirror and the electronic noise of the loop, allows us toequilibrium at temperatur@&. The Laplace transform of Eq.

explain quantitatively the experimental results. We have als@4s) takes the form

studied the mechanical response of the cold damped mirror

and the transient regime of the cold damping. ) ) F1lp] .
We have in particular studied the mechanical response of [P"I'tbP+QyIx[p]=—7—+(I'+p)x(0)+x(0),

the cooled mirror to an external force, and we have shown (A1)

that the cooling mechanism indeed corresponds to a cold

damping, where a viscous force is applied on the mirrowherex[p] andF[p] are, respectively, the Laplace trans-

without any additional thermal noise but the electronic noisforms of the displacement(t) and of the Langevin force

of the feedback loop. F1(t). Herex(0) andx(0) are the initial conditions of the
We have also studied the transient regime of the coldyscillator. This leads to

damping mechanism. We have related the relaxation times

when the cooling is switched on or off to the mechanical X[p1=xsl PHF1[P]+M(T +p)x(0)+Mx(0)},

decay times in response to an external force. Our results (A2)

show that the cooled regime is much faster to establish than . )

the thermal equilibrium once the feedback is switched off. Wheréx[p] is the Laplace transform of the effective sus-
The cold damping might be used to perform a cyclic cool-CePtibility,

ing of thermal peaks associated with mechanical resonances

of the mirror. One can indeed cool a mechanical resonance Yis[p]=

during short periods of time, leaving the system unaffected fbo M[Q§A+p2+ rfbp]'

during much longer periods. One then gets a nonstationary

thermal noise since it is quickly reduced during the beginx(t) can be obtained from EGA2) by inverse Laplace trans-

ning of the cycle and slowly increases the rest of the time. Iform. It appears as the sum of the respomgét) to the

the period of the cycle is properly chosen as compared to theangevin forcdfirst term in Eq.(A2)] and the transient evo-

relaxation time of the resonance, the noise will stay welljytion xo(t) from the initial conditions{x(0),x(0)}:

below its thermal equilibrium value. Furthermore, the dura-

tion of the cooling phase can be very short if the gain of the X(t) =Xg(t) +Xq(t), (A4)

APPENDIX A

(A3)
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with or off. Suppose we apply &= 0 an external forc€& . to the
t mirror, without feedback. The displacemex{t) then obeys
Xg(t =f t—7)F(7)dr, Ab5a) . .
F(U= | xn(t=nF(ndr (ASa) M[X+TX+Q2x]=Fex+Fr. (B1)
Xo(t)=M[IT'x(0) +X(0)]xsp(t) + MX(0) xsp(t), If the response to the external force is much larger than the

(A5b)  thermal noise, we can neglect the Langevin force and the

. ] ) ) initial conditions, which are related to the Brownian motion
where the temporal evolution ofy(t) is obtained by in-  f the mirror. One then gets

verse Laplace transform of EGA3):

sin(Qt) 1
Xipo(t)= M—QMeX - Erfbt .

As F; (t>0) and the initial conditions are uncorrelated, Where x(t—7) is the same as in EqA6), except for the

the variances okr andx, must be summed, damping I'. For a monochromatic force Fey(t)
=F,cosQyt+ ), one gets

t
o x(0= [ M= F e, 82)

Ax?(t)=AxE(t)+ Ax3(t). (A7)
F
The Langevin force corresponds to a white noise; therefore X(t)= MO, T T sin(Qut+¢)[1-e 2. (B3)
its correlation function is
Fr(t)F(t")=2MTI'kgT8(t—t’ A8 . .
T(OF(t) pTo(t=1"), (A8) As I'<Q,,, we have a slow increase of the amplitude of a
and the variancax2(t) is equal to monochromatic spectrum. In that limit, one can compute the
temporal evolution of the displacement spectrum at reso-
) t ) nance,
AXE()=2MTkgT O[be(r)] dr. (A9)
2
0 _ - Tt2y2
In the limit of a large quality factor of the resonancE ( SLQul= (MQ 1“) [1-e I B4

<Qy), this leads to

i In the case where the monochromatic excitation is

switched off att=0, one has to take into account the initial

conditions which correspond to the forced regime of the os-

whereAx3=kgT/MQ}, is the variance at room temperature. cillator. The Laplace transform of the displacement obeys
At t=0, the mirror is in thermodynamical equilibrium at

AX2(t)= A
F

—Tet
1+g(1 e Tty (A10)

temperature T; thus we get Ax?(0)=Ax2, Ax?(0) [p?+Tp+Q31x[p]=(I'+p)x(0)+x(0), (B5)
=02 Ax2, andx(0)x(0)=0. Combined with the expression
of x,(t) [Eq. (ASb)], this leads to where
2000 A2 Trpt F
Axp(t)=Axze ", (A11) X(0)= MQo - sin(¢). (B63)
The varianceAx?(t) is finally equal to .
F
2
AXZ(t) 1+g 7Ffbt) (A12) X(O)_ COi(ﬁ) (Bsb)

One can derive in a similar way the result when the cool-
ing is switched off at time&=0, by takingg=0 in Eq. (45)
and initial conditions corresponding to the cooled regime.

Using the results of Appendix A, one finds

One gets X(t)=Mx(0) x(t) + Mx(0) x(t)
F
g -T2
2 _ ~Tt sm(QMt+ p)e (B7)
AX3(t)= AXT(l 1+ge ) (A13) ~ MOy,
and the corresponding displacement spectrum is
APPENDIX B
This appendix is dedicated to the study of the transient S[Qy]= ( Fo )2 ~Tt (BY)
response of the mirror when an external force is switched on M Moyl '
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